Liquid-metal-induced embrittlement (LMIE) of galvanized hot stamping steel occurs due to the simultaneous application of stress and the presence of a liquid Zn surface layer during the hot stamping process. The mechanism specific to the liquid metal induced embrittlement occurring during hot stamping was investigated in detail. It was found that when a tensile stress was applied, liquid Zn could penetrate along grain boundaries in the steel matrix at temperatures above the Liquid + a-Fe (Zn) fi C 1 peritectic transformation temperature of 1055 K (782°C). The results show that an increase of the annealing time prior to hot stamping is an effective way to prevent LMIE by the elimination of the liquid phase.
I. INTRODUCTION
THE importance of the automobile weight reduction by using high-strength steel sheets has increased remarkably, and this has led to an improvement in fuel efficiency and passenger safety. [1, 2] Mainly cold-formable advance high-strength steels (AHSS) such as dualphase steel and transformation-induced plasticity steel are used for car body structural parts. The stamping of AHSS is challenging, because the use of high-strength steels makes the stamped parts very sensitive to springback if no special precautions are taken. [3] Hot stamping is an efficient process to produce ultra-high-strength steel parts with good dimensional accuracy. The steel sheets are heated and simultaneously press-formed and quenched in water-cooled dies to obtain a high-strength fully martensitic microstructure. The hot-stamped parts are not sensitive to springback. [4, 5] Because of this advantage, the production of hot-stamped car parts has drastically increased in recent years, with the number of industrially produced parts reaching approximately 107 million in 2007. [6] The global demand for presshardened components for body-in-white application is expected to increase to 650 million parts in 2015. [7] A further illustration of the impact of hot stamping is the fact that more than 100 hot stamping production lines had been built globally by 2009 to address the strong demand from automotive companies. [8] The 22MnB5 steel grade is a boron-added C-Mn steel widely used for hot stamping. The alloying elements C, Mn, and B retard the ferrite formation and the austenite decomposition during cooling. This enhanced hardenability facilitates the formation of martensite at relatively slow cooling rates. [9] Different types of coatings have been developed for hot-stamped steels to improve the in-service corrosion resistance of the hot-stamped parts. Aluminized coatings consisting of a near eutectic Al-10 pct Si alloy make up the most extensively used coating system. [10] The thin Al-10 pct Si alloy (~25 lm) protects the steel against decarburization and surface oxidation during the high-temperature thermal cycle required for the hot stamping. In addition, the integrity of the coating layer is guaranteed at the high working temperatures used in hot stamping due to the high melting temperature of Fe-Al alloys. [5, 11] However, cracks are generated by the deformation during stamping step, [10] and corrosion can occur in the areas where the coating layer is damaged.
Zn and Zn-alloy coatings for hot stamping sheet steel grades were developed, because they offer the additional benefit of cathodic protection. The coating fracture of the galvanized, i.e., hot dip pure Zn coated, hot-stamped sheets may occur due to liquid-metalinduced embrittlement (LMIE) in the early stage of the press forming at high temperature. Several methods were suggested to avoid the LMIE of the Zn-coated hot stamping steel. In the indirect hot stamping method, there is an additional cold preforming step at room temperature prior to austenization. [12] As most of the deformation is completed before heating, no LMIE is observed during press forming at high temperature. Kondratiuk et al. [13] reported that in Zn-Ni coatings, the addition of 11 mass pct Ni increases the melting temperature of the Zn-Ni intermetallics to a temperature higher than 1153 K (880°C), thereby avoiding LMIE. The use of the indirect hot stamping method of a Zn-Ni coating has the drawbacks of high cost and low productivity. If the deformation is carried out at temperatures below the melting temperature of the C 1 Fe-Zn intermetallic compound, LMIE is avoided due to the absence of a liquid phase. LMIE can also be avoided by deformation below the melting temperature of the Fe-Zn intermetallics, but this approach leads to the transformation of the austenite to strain-induced ferrite and bainite, and it results in a considerable reduction of the strength of the hot-press-formed part. [14, 15] In the present study, the mechanism of Zn-induced LMIE was studied experimentally. In addition, the use of longer austenization times during annealing was investigated as an alternative and more suitable method to avoid Zn-induced LMIE.
II. EXPERIMENTAL
A 22MnB5 (Fe-0.22 pct C-1.3 pct Mn-0.002 pct B, in mass pct) hot stamping grade was prepared by vacuum induction melting, and the ingots were hot rolled prior to cold rolling to a final thickness of 1.5 mm. The full hard cold-rolled panels were hot-dip galvanized in a laboratory galvanizing simulator. The temperature of the Zn-0.12 mass pct Al bath was kept at 723 K (450°C), and the dipping time was fixed at 5 seconds. The thickness of Zn coating was about 14 lm. Two sets of panels were prepared: uncoated panels and hot-dip galvanized panels. The hot stamping process was simulated in a Gleeble 3500 thermo-mechanical process simulator (Dynamic Systems Inc., Poestenkill, NY). The specimen temperature was monitored by a K-type thermocouple welded to the center of the specimen surface. The sample elongation was recorded using a high-temperature axial extensometer. The samples were heated to 1123 K (850°C) at a heating rate of 20°C s À1 and deformed to 40 pct engineering strain at a strain rate of 0.5 s À1 after an isothermal hold of 4 minutes at the annealing temperature. The samples were then immediately quenched to room temperature with compressed air to obtain a martensitic microstructure. One heated sample was quenched from 1123 K to 973 K (850°C to 700°C) and immediately deformed at 973 K (700°C) to evaluate the effect of the deformation temperature. In addition, the samples were heat treated at 1123 K (850°C) for different soaking times (4 to 20 minutes) to investigate the effect of the annealing time on LMIE. The heat-treated samples were cold mounted in a polymer resin. After polishing with an alcohol-based diamond suspension, the surface of the samples was gold coated by physical vapor deposition to improve the surface conductivity. The sample cross sections were observed in a JEOL* JXA-8530F field-emission-electron probe microanalyzer (FE-EPMA) operated at 15 kV, and elemental distributions were obtained by wavelength dispersive spectroscopy.
III. RESULTS AND DISCUSSION

A. LMIE Mechanism During Hot Stamping Process
An uncoated 22MnB5 steel sample and two galvanized 22MnB5 steel samples were tested to investigate the effect of Zn coating on the mechanical properties at temperatures relevant to press forming. Figure 1 shows the engineering stress-strain curves of uncoated and galvanized samples at the different deformation temperatures. The uncoated steel was fully austenitic and completely ductile at 1123 K (850°C). The uncoated steel had an engineering elongation of 40 pct and an ultimate tensile strength (UTS) of 150 MPa. When tested in the same conditions, the galvanized steel fractured at an elongation of 8 pct. In contrast, when the galvanized steel specimen was held at 1123 K (850°C) for 4 minutes, quenched to 973 K (700°C), and tested at this temperature, the UTS was approximately 230 MPa and the total elongation reached 40 pct. These results illustrate the synergetic effect of the Zn coating and the deformation temperature on the mechanical properties of hot stamping steel during hightemperature deformation. Figure 2 shows a cross-sectional micrograph and the elemental distribution for Zn close to the fracture surface of the tensile test specimens deformed at 1123 K and 973 K (850°C and 700°C). Figure 2 (a) shows that both the Zn coating layer and the steel matrix fractured in the specimen tested at 1123 K (850°C). Figure 2(b) shows the Zn composition within the coating layer. In the Fe-Zn binary phase diagram shown in Figure 3 , [16] the red area corresponds to the stability range of the C 1 intermetallic compound. The green area is the stability range for a-Fe (Zn), i.e., ferrite with Zn in solid solution. The C 1 phase is formed as a result of a peritectic reaction at 1055 K (782°C) between a-Fe and liquid Zn when the specimen is quenched from 1123 K (850°C) to room temperature. [19] The liquid Zn, which is stable above the melting temperature of the C 1 phase 1055 K (782°C), was present in the heat-treated coating between the globularshaped a-Fe (Zn). The presence of a small amount of Zn was also observed in the steel matrix near the fractured surface. This is a clear indication of LMIE by Zn. [17] In this process, the liquid Zn penetrates into the steel matrix causing it to fracture in a brittle fashion by a process of grain boundary decohesion. When the deformation occurs below the peritectic reaction temperature 1055 K (782°C), the coated specimen does not fracture in a brittle manner. There are no cracks propagating from the Zn coating layer into the steel matrix. This is shown in Figure 2 (c). Figure 2(d) shows the elemental Zn distribution for a sample with a coating, which solidified with formation of the C 1 phase during cooling to 973 K (700°C) prior to deformation. In this case, there was no liquid phase present to cause LMIE.
Based on the preceding analysis, it can be concluded that the fracture of the galvanized hot stamping steel is sensitive to Zn coating conditions. When the specimen is stressed and the pure Zn coating is still present as a liquid phase, the ductility of galvanized 22MnB5 decreases drastically as a result of the LMIE phenomenon. Two conditions must be met to avoid LMIE: (1) the liquid Zn metal should not be in direct contact with the steel matrix and (2) the applied tensile stress should not exceed a critical value.
[18] Figure 4 shows a schematic that illustrates the mechanism of LMIE during the hot stamping process. Prior to heating, the galvanized coating layer is composed of Zn (g + d) deposited on a steel matrix consisting of a-Fe and h-Fe 3 C. The g phase is a solid solution of Fe in Zn. The solubility of Fe in the g phase is 0.03 mass pct at 723 K (450°C). The f phase contains 7 to 11.5 mass pct Fe. [19] The steel matrix consists of ferrite and pearlite. During heating, the Fe 2 Al 5-x Zn x inhibition layer breaks down and Fe diffuses into the Zn coating layer, forming Fe-enriched areas in the early stages of annealing. The Fe-enriched areas grow and develop a globular morphology. The Al migrates to the surface and forms an Al 2 O 3 oxide layer, which suppresses the evaporation of Zn as ZnO. [20] From the Fe-Zn binary phase diagram shown in Figure 3 , [16] it is clear that when the soaking temperature 1123 K to 1223 K (850°C to 950°C) is above the peritectic temperature, the C 1 phase starts to melt. The C 1 phase therefore will partially transforms to liquid Zn during hot stamping. The original galvanized coating is now transformed to a-Fe (Zn) and liquid Zn. If the forming step is completed in this liquid-solid twophase region, fracture will occur due to LMIE. Near the interface between the Zn coating layer and the steel matrix, the concentration of Fe is high enough to form a solid solution of Zn in the ferrite. This solid solution phase has a high melting temperature. For example, at 30 mass pct of Fe in Zn, the melting temperature is approximately 1223 K (950°C). Thus, even though the specimen is annealed at a high temperature, i.e., approximately 1173 K (900°C), the presence of a solid phase at the surface can be maintained.
The LMIE cracks are initiated at the solid-liquid metal interface. [21] Grain boundaries in a-Fe (Zn) appear to be already wetted by liquid Zn before tensile loading because of the direct contact with liquid Zn. During the tensile loading, the loss of grain boundary cohesive strength of a-Fe (Zn), due to the presence of a liquid grain boundary film, leads to embrittlement. When sufficient stress is applied to achieve the required plastic deformation, the Zn-diffused boundaries act as crack initiation sites. [17] After the LMIE cracking of the a-Fe (Zn) layer, the liquid Zn continues to penetrate along the austenite grain boundaries of austenitic steel matrix. As the cracks propagate with a high velocity (1 ms À1 ), the ductility and toughness of material are drastically decreased. [17, 21] 
B. Effect of the Annealing Time on LMIE
The fracture of galvanized hot-stamped steel during hot stamping is caused by the presence of liquid Zn. Thus, the full transformation of the entire coating to solid a-Fe (Zn) phase is required to avoid LMIE; i.e., LMIE will not occur if the concentration of Zn is less than 36 mass pct at 1123 K (850°C). Figure 5 shows the engineering stress-strain curves of the galvanized 22MnB5 steel for a deformation temperature of 1123 K (850°C). The specimens, which were isothermally held at 1123 K (850°C) for 4 and 6 minutes, fractured in a brittle manner in tensile testing. The tensile stress of the samples was close to 130 MPa. The total elongation was 8 and 15 pct for 4 and 6 minutes holding, respectively. When the soaking time was increased to 8 minutes, the steel matrix was not embrittled. A longer annealing time, therefore, leads to an increase of the ductility. This is revealed by the homogeneous engineering strain of 40 pct obtained for an isothermal hold at 1123 K (850°C) for 8 minutes. Figure 6 shows the cross-sectional Zn distribution obtained by EPMA for specimens deformed after different annealing times. Both the a-Fe (Zn) solid solution layer and the steel matrix were fractured in the specimen soaked at 1123 K (850°C) for 6 minutes ( Figure 6(a) ). The liquid Zn visible in Figure 6 (b), which was liquid at 1123 K (850°C), can be observed in the steel matrix where the fracture occurred. This is similar to the specimen soaked at 1123 K (850°C) for 4 minutes, as shown in Figure 2(b) . However, when the soaking time was 8 minutes, only the a-Fe (Zn) layer fractured and no cracks propagated into the steel matrix (Figure 6(c) ). No traces of liquid Zn were observed in the steel matrix. Some residual liquid Zn caused a small amount of embrittlement in the a-Fe (Zn) layer. The liquid Zn solidified and transformed to C 1 phase during cooling. It is clear that in this case, there is no liquid Zn present to cause the LMIE of the austenite grain boundaries. When the galvanized specimen was soaked for 20 minutes, the Zn coating layer was fully transformed to a-Fe (Zn). The absence of the C 1 phase, which forms during the cooling of the two-phase mixture of solid a-Fe (Zn) and liquid Zn, ensures that no LMIE occurs.
When the annealing time is increased, the fraction of C 1 phase decreases, as shown in Figure 6 , which suggests that liquid Zn can be eliminated by diffusion annealing prior to hot stamping. The heat treatment depends on a combination of time, temperature, coating thickness, and alloying elements. Higher annealing temperatures provide a higher driving force for Fe atoms to diffuse. The galvannealed hot-stamped steels, therefore, would appear to be more resistant to LMIE as the formation of a-Fe (Zn) is more readily achieved in this case compared to the case of the galvanized steel. [22, 23] The Fe 2 Al 5 inhibition layer, which prevents Fe diffusion into the Zn coating, is already broken down during the galvannealing process and the Al has migrated to the top surface to form an Al 2 O 3 oxide layer. [20] Thus, the heating time required to eliminate liquid Zn by the rapid formation of a-Fe (Zn) can be reduced. Although the Zn coating cannot provide full barrier coating protection after hot stamping due to the slight embrittlement of the a-Fe (Zn) layer, the coating can still provide adequate galvanic protection. [19] However, the coating will not offer the same level of cathodic protection as the one available in the original state, i.e., in the galvanized or galvannealed state, because the higher content of Fe in the Fe-Zn solid solution will increase the electrochemical potential of the coating. It is worthwhile to note that a thinner coating thickness can also lead to shorter annealing time required to eliminate the liquid Zn.
IV. CONCLUSIONS
LMIE occurs during the hot stamping of galvanized hot stamping steel if no special precautions are taken to avoid it. During the annealing prior to hot stamping, the Fe-Zn intermetallic compounds are readily transformed into a Zn-rich liquid phase, which causes embrittlement by the rapid wetting of matrix grain boundaries. Grain boundary decohesion takes place and large surface cracks are formed when tensile stresses are applied. The liquid Zn penetrates through the gap between the fractured a-Fe (Zn) solid solution layers and into the austenite grain boundaries in the subsurface region. The presence of the liquid Zn weakens the cohesion of hightemperature austenite grain boundaries, and the cracks propagate easily into the steel matrix. When the 22MnB5 steel is fully covered by a solid solution of Zn in a-Fe, which can be formed when an increased austenization time is used, the presence of liquid Zn can be fully suppressed by diffusion of Zn into the surface. This method protects the steel matrix against LMIE and allows for the use of Zn-coated 22MnB5 steel in the direct hot stamping process.
